The related neuropeptides vasoactive intestinal peptide (VIP) and peptide histidine isoleucine (PHI) are expressed at high levels in the neurons of the suprachiasmatic nucleus (SCN), but their function in the regulation of circadian rhythms is unknown. To study the role of these peptides on the circadian system in vivo, a new mouse model was developed in which both VIP and PHI genes were disrupted by homologous recombination. In a light/dark cycle, these mice exhibited diurnal rhythms in activity which were largely indistinguishable from wild type controls. In constant darkness, the VIP/PHI deficient mice exhibited pronounced abnormalities in their circadian system. The activity patterns started around 8 hours earlier than predicted by the previous light cycle. In addition, lack of VIP/PHI led to a shortened free-running period and a loss of the coherence and precision of the circadian locomotor activity rhythm . In about a quarter of VIP/PHI mice examined, the wheel-running rhythm became arrhythmic after several weeks in constant darkness. Another striking example of these deficits is seen in the split activity patterns expressed by the mutant mice when they were exposed to a skeleton photoperiod. In addition, the VIP/PHI deficient mice exhibited deficits in the response of their circadian system to light. Electrophysiological analysis indicates that VIP enhances inhibitory synaptic transmission within the SCN of wild type and VIP/PHI deficient mice. Together the observations suggest that VIP/PHI peptides are critically involved in both the generation of circadian oscillations as well as the normal synchronization of these rhythms to light.
Materials and Methods

Establishment of mice with targeted VIP/PHI gene disruption:
In previous work, we cloned and characterized the mouse VIP gene (30, 35, 36) . Based on this information, a homologous recombination targeting construct was prepared (Fig. 1A) . This construct contained a 6.2 kb Pst I/Sph I 5' portion of the VIP gene, a neomycin resistance cassette (pPGK neo bpA) in inverse orientation, a 2.6 kb Sph I/EcoR I 3' VIP gene fragment, and a herpes simplex thymidine kinase cassette from pIC19R/MC-1-TK.
This construct was introduced into embryonic stem (ES) cells (129/sv agouti, wild-type albino locus) by the UCLA transgenic/embryonic stem cell core facility. Three homologous recombinant clones were identified and were injected into blastocysts of C57 BL/6 mice, which then were transplanted into the uteri of pseudopregnant foster mothers. Resulting chimeric mice were bred with C57 BL/6 females.
Germ line transmission from chimeric mice derived from two of these clones was confirmed by Southern analysis of DNA obtained from tail biopsies using a probe external to targeting sequences ( Behavioral studies. Behavioral effects were examined using offspring of F1 C57Bl/6 x 129/sv VIP +/-mice. Subsequent studies were performed with VIP -/-generated after backcrossing with C57 BL/6 mice for 6-7 generations. These mice exhibited running wheel behavior that was not different than that observed on a mixed background. Homozygous VIP/PHI mutant mice and wild type controls from the same litter were analyzed in most cases, but occasionally, when a wild type male litter-mate was unavailable, an age-matched control mouse from another litter of the same background was used. Mice derived from the two different ES clones were found to exhibit similar circadian abnormalities and so the resulting data was pooled. Control C57 BL/6 mice were obtained from breeding colonies maintained R-00200-2003.R2
VIP/PHI-deficient Mice 5 at UCLA. In all studies, the recommendations for animal use and welfare, as dictated by the UCLA Division of Laboratory Animals and the guidelines from the National Institutes of Health, were followed Male mice, at least 10 weeks of age, were housed individually and their wheel-running activity was recorded as revolutions per 3 min interval. The running wheels and data acquisition system were obtained from Mini Mitter Co. (Bend, OR). The animals were exposed to a 12:12 light-dark cycle (LD) for 2-3 weeks (light intensity 36 W/cm 2 120 lux). Then the animals were then placed into constant darkness (DD) to assess their free-running activity pattern. Some mice in LD were also exposed to a light treatment (white light, 60 min, 15 W/cm 2 50 lux) during their activity period to measure negative masking behavior i.e. light-induced suppression of activity. Other mice in LD or constant light (LL) were exposed to a dark treatment (no light, 60 min) to measure positive masking behavior. In each case, the number of revolutions during this light treatment was compared to the number recorded during the same phase on the previous day in the dark (21). Stimulus intensity (irradiance) was measured with a radiometer (United Detector Technologies, Hawthorne, CA). All handling of animals was carried out either in the light portion of the LD cycle or in DD with the aid of an infrared viewer (FJW Industries, Ohio).
The locomotor activity rhythms of mice were analyzed by periodogram analysis combined with a 2 test with 0.1% significance level (El Temps, Barcelona, Spain) on the raw data. The periodogram shows the amplitude (= power) of periodicities in the time series for all periods of interest (between 20 hrs and 31 hrs in 3 min steps. From the variable Qp obtained from the periodogram, the percentage of variance explained by the rhythm as (Qp X 100/n). With n being the data number, the Qp value is then normalized (e.g. 6). During DD, we found that a power value of greater than 30% indicated a strong and coherent activity rhythm. Power values <30% were consistent with a weaker expression of one single period of the activity rhythm and indicated a less coherent activity pattern. Slopes of an eye-fitted line through the onsets were also used to confirm period estimates made with the periodogram analysis.
In order to estimate the cycle-to-cycle variability in activity onset, a linear regression to a 15 cycles of onset of activity was calculated. The onset of activity for each cycle was defined as the phase at which the animal's activity levels first equaled the mean activity level for that cycle. The divergence between the measured and predicted onsets was then determined and the average difference calculated for each animal. We found that using the mean activity level as a threshold, provided a very simple and reliable measure for the detection of the beginning of an activity bout. The duration of each cycle devoted to running wheel activity is designated alpha ( ) while the duration of non-wheel running activity is designated rho ( ). In order to measure these parameters, the average pattern of activity (i.e. the form R-00200-2003.R2 VIP/PHI-deficient Mice 6 estimate) was determined at modulo-period for each animal in DD for 15 cycles. Then for each waveform, was calculated as the time during which the motor activity was above the medium.
Brain Slice Preparation: Brain slices were prepared using standard techniques from mice (C57 BL/6) between 21-48 days of age. Mice were killed by decapitation, brains dissected and placed in cold oxygenated artificial cerebral spinal fluid (ACSF) containing (in mM) NaCl 130, NaHCO3 26, KCl 3, MgCl2 5, NaH2PO4 1.25, CaCl2 1, glucose 10 (pH 7.2-7.4; osmolality 290-300 mOsm). After cutting slices, transverse sections (350 m) were placed in ACSF (25) (26) (27) o C) for at least 1 hr (in this solution
CaCl2 was increased to 2 mM, MgCl2 was decreased to 2 mM. Slices were constantly oxygenated with 95%O 2 -5% CO 2 . Slices were placed in a perfusion chamber (Warner Instruments, Hamden, CT)
attached to the stage of the fixed-stage upright microscope. The slice was held down with thin nylon threads glued to a platinum wire and submerged in continuously flowing, oxygenated ACSF at 2ml/min.
Solution exchanges within the slice were achieved by a rapid gravity feed delivery system. In our system, the effects of bath applied drugs begin within 15 sec and are typically complete by 1-2 min.
Infrared (IR) DIC Videomicroscopy:
Slices were viewed with an upright compound microscope (Olympus BX50), using a water immersion lens (40X) and DIC optics. They were illuminated with near IR light by placing an IR bandpass filter (750-1050 nm) in the light path. The image was detected with an IR-sensitive video camera (Hamamatsu C2400, Bridgewater, NJ) and displayed on a video monitor.
A camera controller allowed analog contrast enhancement and gain control. Cells were typically visualized from 30-100 m below the surface of the slice. In the present study, IR videomicroscopy was utilized to visualize cells within the brain slice and to limit some of the uncertainty as to the cell type.
This imaging technique allowed us to clearly see the SCN and to exclude cells from the surrounding hypothalamic regions.
Whole Cell Patch Clamp Electrophysiology: Methods were similar to those described previously (8, 19 ).
Briefly, electrodes were pulled on a multistage puller (Sutter P-97, Novato, CA Under voltage-clamp (Vm=-70 mV) the holding current was monitored throughout the experiment.
Spontaneous postsynaptic currents were analyzed using the MiniAnalysis program (Synaptosoft, Decatur, GA). The software was used to automatically record the number and peak amplitude of sIPSCs recorded in gap-free mode of pCLAMP software. Each automatically detected event was then manually checked to ensure that the baseline and peak were accurately determined. The mean frequency, amplitude, rise time and decay time of the IPSCs was then calculated for each neuron during 60-360 sec sampling periods.
Immunocytochemistry: Control and mutant mice were anesthetized and perfused with phosphate buffered saline (PBS) followed by 4% paraformaldehyde in PBS. Brains were dissected, post-fixed at Statistical analyses: Between group differences were evaluated using t-tests or Mann-Whitney rank sum tests when appropriate. Values were considered significantly different if p<0.05. All tests were performed using SigmaStat (SPSS, Chicago, IL). In the text, values are shown as mean ± SEM.
Results
Generation and characterization of VIP/PHI-deficient mice
In order to better understand the role of VIP and PHI in vivo, the genes encoding these peptides were disrupted by insertion of a gene encoding a selection marker (neomycin cassette) into exon 4 in a reverse orientation upstream from sequences encoding VIP and PHI, on the fifth and fourth exons, respectively ( Fig. 1A) . In addition, a Herpes simplex thymidine kinase gene was placed at the 3' end to enable both positive and negative antibiotic selection. This construct was introduced into ES cells.
Southern blot analysis revealed the occurrence of successful recombination events in three ES cell clones and germ line transmission from two of these clones (representative analysis showing germ line transmission shown in Fig 1B) . Subsequently, a PCR strategy was developed to identify wild-type, heterozygous, and null VIP/PHI gene mutants generated from heterozygous crosses ( Fig. 1C and D ).
Genotyping at 6-8 weeks of age indicated that the VIP/PHI mutation followed a normal Mendelian pattern of inheritance that indicates a lack of significant embryonic lethality associated with the mutation. Moreover, both male and female mice homozygous for the targeted mutation were found to be fertile and showed no signs of increased morbidity. Immunohistochemistry confirmed a loss of VIP and PHI expression in mice homozygous for the mutation (Fig. 2 ).
Behavioral Analysis of Wheel Running Activity in LD and DD
In order to determine the effect of these genetic manipulations on the circadian system, behavioral analysis of the circadian rhythm in wheel running activity was carried out using mice (VIP/PHI +/+, VIP/PHI +/-, VIP/PHI -/-) on a mixed C57BL/6x129/sv background (Fig. 3) . In these experiments, the mice were individually housed in cages containing a running wheel and their daily R-00200-2003.R2
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activity was recorded. The animals were first synchronized for 2-3 weeks to a LD cycle (12:12). Under these conditions, all groups appeared to synchronize to the LD cycle and exhibited diurnal rhythms in activity. There was no between-group difference in the phase of activity onset or in cycle-to-cycle variability in activity onset. Overall mean wheel-running activity levels were significantly reduced in the VIP/PHI -/-animals but the distribution of activity into day or night was similar between groups (Table 1) .
Mice were then placed into DD and their free-running rhythm recorded. Under these conditions, several striking differences emerged between the VIP/PHI -/-, VIP/PHI +/-, and +/+ mice in DD (Table   1 ). First, a few (3/23) of the VIP/PHI -/-animals immediately exhibited an activity pattern that was arrhythmic on a circadian time-scale. The remainder of the VIP/PHI -/-mice (20/23) exhibited a circadian rhythm of wheel-running activity with a period that was significantly shorter (22.5 0.1hrs; n=20, p<0.05) than litter-mate controls (23.6 0.1 hrs, n=17). Periodogram analysis (see bottom panels Second, once released into DD, the activity of VIP/PHI -/-mice did not start from the phase predicted from the prior LD cycle. Typically, nocturnal rodents will start their activity from a phase close to the onset of darkness in the prior LD (12:12) cycle. For example, in the litter mate (VIP/PHI +/+) controls, activity began within minutes of the prior lights-off (Table 1 ). In contrast, the VIP/PHI +/-activity began within 30 min of the prior lights-off while the VIP/PHI -/-animals' activity onsets were clustered around a phase about 8 hours earlier (Table 1 ). This suggests that the animals were synchronized to the LD cycle with an extremely altered phase angle of entrainment ( ) and the observed activity onset in LD was due to a masking effect of light rather then activity controlled by the circadian pacemaker.
Third, the cycle-to-cycle variability in the onset of the daily activity bout was greatly increased in the mutant animals. Normally, the onset of locomotor activity patterns is under precise control of the circadian system. This did not appear to be the case in VIP/PHI -/-animals. Indeed, an analysis of the first 15 cycles in DD indicates that the cycle-to-cycle variability in the phase of activity onset was 4-fold higher in VIP/PHI -/-animals compared to controls ( Table 1) . The VIP/PHI +/-animals exhibited a small but significant increase in variability. Fourth, the VIP/PHI -/-mice exhibited an expansion of the duration of their daily activity bout. Again, focusing our analysis on the first 15 cycles in DD, the ratio R-00200-2003.R2
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These differences in the coherence, / , and cycle-to-cycle variability in the activity rhythms were also reflected in the significant reduction in the amplitude or power of periodicity in the time series analysis of the activity rhythms expressed by the homozygote mutant animals ( Table 1) .
Masking
Since the VIP/PHI deficient mice seems to behave normally in LD but not under DD conditions, we next examined the direct influence of light on locomotor activity in these mice. When mice were maintained in a LD cycle, we found no differences in the ability of light (white light, 1 hour, ZT 15) to acutely suppress (negative masking) wheel running activity during an animal's activity period (VIP/PHI +/+: 94 1% suppression, n=6; VIP/PHI -/-: 95 3% suppression, n=6). Next, the ability of dark exposure to increase activity in mice (positive masking) was examined. When mice were exposed to one hour of dark in the middle of the light portion of an LD cycle (ZT 7), activity was dramatically increased in VIP/PHI -/-(863 300 rev/hr, n=6) but not VIP/PHI +/+ litter-mate controls (34 15 rev/hr, n=5).
Untreated mice of either genotype are inactive at this phase in their daily cycle. In order to further explore this dark-evoked response, mice maintained in constant light (LL) and exposed to 1 hour of dark every 4 hours throughout a 24-hour period (ZT 1, 5, 9, 13, 17, and 21). Since the amount of wheel running activity in LL conditions was severely reduced, we used the prior LD cycle to determine the phase of the dark pulses. For mice in LL, these dark exposures always caused a dramatic activity increase. For example, wild type mice exposed to dark (1hr, ZT17, n=8) showed mean activity levels of 935 267 rev/hr compared to 721 132 rev/hr for VIP/PHI -/-mice (n=8). Neither genotype exhibited much activity at the same phase in the preceding cycle in LL (VIP/PHI +/+: 65 44 rev/hr; VIP/PHI -/-:
103 98 rev/hr). Overall, the magnitude of dark-evoked activity did not significantly vary with the time that the treatment was applied or between the wild type and VIP/PHI deficient mice. These observations indicate that the loss of the peptides did not alter the negative or positive masking effects of light on locomotor activity.
Skeleton photoperiods
Some of the animals in DD were exposed to a skeleton photoperiod consisting of one or two light pulses per 24 hour cycle. The mice exposed to a LD 1:23 synchronized to this light pulse with a single activity bout (Fig. 4) . The VIP/PHI -/-mice exhibited an abnormal as these animals' activity onsets The duration of the activity bout was also expanded in the VIP/PHI -/-mice (13.1 0.6 hrs vs. 8.8 1.0 hrs; p<0.005). The differences between the two genotypes were even more striking when the animals were placed on a skeleton photoperiod consisting of two light pulses per cycle (Fig. 5) . When VIP/PHI +/+ mice were exposed to a LD 1:11:1:11, the animals synchronized to this skeleton photoperiod with a single activity bout ( = 0.6 0.3 hrs, = 9.5 0.5 hrs, 87% of total activity contained in single activity bout, n=10). In contrast, the VIP/PHI -/-animals (n=7) exhibited two major activity bouts, one activity bout following each of the two light pulses. These two activity bouts can be viewed as symmetric with the first pulse capturing approximately 51% of all activity ( = 7.5 1.0 hrs, = 7.0 0.7 hrs) and the second capturing 47% of all recorded activity ( = 8.1 1.4 hrs, = 7.0 0.9 hrs).
Light induced phase shifts
Finally, the effect of the loss of VIP/PHI on phase shifts induced by a single, discrete light treatment was examined. These experiments compared the phase shifts generated by the exposure of a brief light pulse to wild-type (VIP/PHI +/+), heterozygous (VIP/PHI +/-), and homozygous (VIP/PHI -/-) litter-mates (Fig. 6 ). While the VIP/PHI +/+ mice exposed to light at CT 16 (white light, 356 W/cm 2 1250 lux, 10 min) showed a 104 13 min (n=9) phase delay, the same treatment in VIP +/-mice caused a 49 6 min phase delay (n=11; p<0.01). The few VIP/PHI -/-that were examined exhibited no significant phase shift in response to this light treatment at CT16 (16 ± 22 min, n=5).
However, instabilities in the activity onset exhibited by these mice (Table 1) made it difficult to accurately assess phase and make interpretation of this experiment difficult.
Spontaneous Inhibitory Post-Synaptic Currents (sIPSCs) Recorded in SCN are modulated by VIP
Since VIP is co-expressed with GABA, one hypothesis is that VIP modulates inhibitory synaptic transmission within the SCN. In order to examine this possibility, whole-cell voltage-clamp recording techniques were used to measure sIPSCs in SCN neurons visualized by IR-DIC videomicroscopy in a brain slice preparation. For the C57 BL/6 mice, the mean frequency and the mean amplitude of sIPSCs recorded from the SCN during the day were 7.0 ± 1.3 events/s (mean ± SEM, n=7) and 14.5 ± 1.5 pA, respectively. The time to rise and the time to decay (latency of the inward current peak from the baseline) were 2.6 ± 0.2 ms and 13 ± 1 ms, respectively. IPSCs were completely abolished with GABA A antagonist bicuculline (25 µM, 6 of 6 neurons tested), indicating that they are mediated by GABA A receptors. In C57 BL/6 mice ( frequency (40 ± 8%, n=7, p<0.05) whereas PHI (100 nM) had no significant effects (0.2 ± 2%, n=6).
The effects of VIP on frequency were concentration-dependent (Fig. 7, panel B ) and long-lasting as the frequency remained elevated for at least 30 min after the end of treatment. VIP did not significantly alter the IPSC amplitudes or rise and fall times recorded in SCN neurons. Additional experiments were performed on VIP/PHI +/+ mice with a "mixed background" i.e. they were offspring (F2 generation) of C57 BL/6 x 129/sv VIP -/-mice. In these mice, the mean frequency of sIPSCs recorded from the SCN during the day was 9.6 ± 2.8 events/s (mean ± SEM, n=6) and application of VIP (100 nM, 5 min)
increased the frequency by 35 ± 8% (n=6 
Discussion
In order to investigate the roles of VIP and PHI in vivo, we developed a novel mouse model in which the VIP/PHI gene was disrupted by targeted homologous recombination. Immunocytochemistry was used to confirm a lack of detectable VIP and PHI protein in the SCN of these mice. This new model system was then used to explore the role of VIP/PHI in the mammalian circadian system. In a LD cycle, the daily rhythm in wheel-running activity in the VIP/PHI-deficient mice is mostly indistinguishable from wild-type controls. The acute effects of the photic environment on locomotor activity (i.e. positive and negative masking) are apparently unaltered by the mutation. In contrast, the loss of VIP/PHI had dramatic effects on multiple aspects of the circadian system as measured by the rhythm in wheelrunning activity. First and foremost, all of the VIP/PHI-deficient mice exhibited a disruption in their ability to express a coherent circadian rhythm. In the most extreme cases, some of the VIP/PHIdeficient mice ( 25%) exhibited wheel-running behavior that was arrhythmic on the circadian time scale VIP/PHI-deficient Mice 13 mice deficient in the expression of the VPAC 2 receptor (9, 13) that recognizes both VIP and PACAP.
These VPAC 2 -/-mice lacked rhythmicity both at the molecular, cellular and behavioral levels. When compared to the VIP/PHI -/-mice, the loss of the receptor apparently resulted in a more severe phenotype. One potential explanation for the differences is that VPAC 2 shorter period cannot account for this large shift in activity onset. When these mice were exposed to the dark during the middle of the day (ZT 7), the endogenous drive toward activity was unmasked as the mutant, but not wild type, mice exhibited strong wheel running activity. We postulate that most of this response must be due to an alteration in the processes that couple the oscillator to the environment. This argument is further supported by the altered phase angle of entrainment seen in the VIP/PHI -/-mice entrained to a single light pulse per cycle. Similarly, the VPAC 2 -/-mice also exhibit an extremely positive phase angle of entrainment (13). Thus our data leads us to propose that VIP and perhaps PHI are required for normal light-induced synchronization of the circadian system. This proposition is specifically supported by the observation that the VIP/PHI +/-mice exhibited about a 50% reduction in the magnitude of light-induced phase shifts. The VIP/PHI -/-mice did not show any phase shift in response to short light pulses although the variability in activity onset made this analysis difficult. In addition, previous studies have shown that VIP can mimic some of light's actions on the SCN.
Microinjection of VIP alone (25) Together, these observations suggest that VIP plays a significant role in coupling of the circadian oscillator to the environment.
In our view, there are two reasonable explanations for the diverse set of phenotypes observed in the VIP/PHI -/-mice. These explanations are not mutually exclusive and speak to the functional role of VIP, and perhaps PHI, in the mammalian circadian system. First, VIP and the VPAC 2 receptor may be required for the basic molecular oscillation that is thought to drive circadian oscillations within single cells. Experimentally, this argument is supported by the observation that the circadian oscillations in several core clock genes as well as electrical activity are lost in the VPAC 2 -/-mice (9, 13).
Conceptually, this explanation is supported by the recent observation in Drosophila that the targeted expression of a modified potassium channel, and the presumed hyperpolarization, of the neurons driving circadian oscillations in behavior blocked both the behavior output but also the rhythmic gene expression (23). Broadly speaking, this suggests that electrical activity at the neuron's membrane can have a profound effect on the rhythmic patterns of gene expression and suggests a mechanism by which the loss of a signaling neuropeptide can cause deficits in rhythmic gene expression. However, it must be pointed out that most of the VIP/PHI deficient mice still express rhythmic locomotor activity, indicating some rhythm-generation machinery is still operational in these animals. A second possibility is that the is generated by primers V1 and V2. The 708 bp band is generated by primers N1 and V2. The wildtype allele gives a product of 318 bp, generated by V1 and V2. In heterozygous mice, the 2.1 kb band is sometimes faint (for example mouse 7), because the 2.1kb and 318 bp band both require primer V2, and the 318 bp band amplifies more efficiently. Histogram shows mean ± SE, n=6-8 per group. Values are means ± SE, n = 17 for +/+; n = 9 for +/-; n = 20 for -/-. * indicates significant difference between control and +/-or -/-mice while † indicates significant difference between +/-and -/-mice. 
